Phytoplankton biodiversity studies in Kenya's standing waters were carried out between 2001 and 2003. Toxin producing cyanobacteria were recorded in twelve water bodies. Microcystis and Anabaena were the most common species in freshwaters while Anabaena and Anabaenopsis were common in alkaline saline lakes. Seven lakes with cyanobacteria blooms and a hot spring had detectable levels of microcystins and anatoxin-a. Cell bound microcystins (LR equivalents) concentration ranged from 1.6-19800 mg g 21 Dry Weight (DW) while anatoxin-a varied from below the limit of detection to 1260 mg g 21 DW. In alkaline-saline lakes, microcystins and anatoxin-a were also present in stomach contents and liver samples of dead flamingos. Monoculture strains of A. fusiformis from Lakes Sonachi and Bogoria had detectable levels of microcystins while anatoxin-a was present in strains isolated from Lakes Sonachi, Bogoria and Nakuru. Two freshwater sites, Nyanza Gulf (L. Victoria) and Lake Baringo recorded cyanotoxin concentration exceeding WHO's upper limit of 1.0 mg l 21 for drinking water. The results confirm that cyanotoxins could have played a role in the mortality of flamingos in Lakes Bogoria and Nakuru. The implications of these findings on water resource use, measures to be taken to reduce the risk of exposure and eutrophication control steps to reduce cyanobacteria bloom formation are considered in this paper.
INTRODUCTION
Toxin production among microalgae and associated problems Among the many algal secondary metabolites that have been identified, a number are potent toxins that have been associated with human illnesses, marine mammal and bird morbidity and mortality, and extensive fish kills (Van Dolah 2000) . These toxins are produced by a few dozen of the thousands of species of algae that have been described. Toxic algal poisoning in most cases does not occur unless there is a heavy bloom in the water. However, many blooms are not hazardous even when dominated by toxin producing species.
Hence toxic compounds are frequently, but not universally, associated with algal blooms (Plumley 1997; Van Ginkel 2003) . The term 'harmful algal bloom' or simply HAB is presently used to describe the bloom phenomenon that contains harmful toxins or causes other negative impacts.
Toxins of human health significance originate primarily from three classes of unicellular algae; dinoflagellates, diatoms, and cyanobacteria. Among the cyanobacteria, over forty species mostly found in freshwater have been implicated in the generation of toxic blooms (Carmichael isolate (Carmichael 1992) . Similarly, some strains produce three or more toxins with the relative proportion being influenced by the environment (Carmichael 1992) .
Comparatively, most of the widely reported incidences associated with toxic algae are the poisoning of both domestic animals and wildlife, notably in the developed nations of Europe, North America, and Australia. This is perhaps because unlike humans who easily get repulsed by the sight of the bloom, animals are generally oblivious to the danger posed. In North America, Europe and Australia, mass poisonings of wild and domestic birds, associated with cyanobacterial blooms and scum, have been recorded for several years (Yoo et al. 1995) . In England, 20 sheep and 15 dogs died after ingesting a microcystin scum in 1989 (Codd & Beattie 1991; Lawton & Codd 1991) . In 1990, several dogs died after ingesting neurotoxic Oscillatoria scum in Loch Insh, Scotland (Codd & Beattie 1991; Gunn et al. 1992) .
Other examples include the net pen liver disease of penreared salmon in Canada (Stephen et al. 1993) , the death of alligators in Lake Griffin, USA (Pollack 1999) and the mass death of the wild duck in Japan (Matsunaga et al. 1999) .
In Africa, problems associated with algal toxins have been documented in a few countries with the majority of the cases being reported from South Africa (Harding 1997; Harding et al. 1995; Scott 1991; Van Ginkel 2003; Van Halderen et al. 1995; Wicks & Thiel 1990) where the toxic effects on animals have been known for over 50 years.
Recently, the presence of cyanotoxins in ponds and reservoirs has been reported in Morocco (Nasri et al. 2004; Oudra et al. 2002) .
Human health problems associated with cyanobacterial toxins have been on record for a long time. However, it is only recently that confirmed human dead resulting from cyanotoxins poisoning has been reported. A widely reported incident is the serious outbreak of acute liver failure at the dialysis center of a clinic in Brazil in 1996, after the water supply to its haemodialysis units was contaminated with cyanobacteria. 76 of the 100 patients suffering from liver failure died (Pouria et al. 1998; Rinehart et al. 2001) . Such a serious incident has not been reported for the African continent. However, this does not necessarily mean that the continent has been free of toxic algae problems. According to Zilberg (1966) , gastroenteritis among school children in Harare, Zimbabwe in the 1960s could have been caused by exposure to cyanobacterial toxins in the municipal drinking water supply. Hence the problem could be more widespread but going by the name of mystery diseases as was the case in Palm Island, Australia in the 1970s (Byth 1980) . Presently, incidents associated with toxic alga and cyanobacteria appear to be on the rise globally (Luckas 2000) .
Toxic microalgae problems in Kenya
The first officially confirmed case of toxic algal poisoning in Kenya is the widely reported death of thousands of marine wildlife along the Kenya Coast at the beginning of 2002 when huge numbers of fish, including manta rays, sharks and tuna were washed ashore (Tomlinson 2002) . Several green and hawksbill turtles were also found dead. It is believed that their death was caused by a bloom of naturally occurring toxic algae triggered by an upwelling of nutrientrich oxygen-poor deep ocean water (Agence France-Presse
2002; Wild Net Africa 2002).
Episodes of wildlife dying under mysterious circumstances have previously been reported for the inland waters of Kenya. The most widely reported case is the successive episodes of massive flamingo deaths recorded at lakes Nakuru and Bogoria in 1993 (Okoko 2000 . These deaths have raised a lot of concern among national and international conservationists. According to the World Wildlife Fund (WWF) experts, who have been studying the phenomenon, the deaths amount to a population decline of 20% in every two decades suggesting that unless the decline is reversed, the flamingo population would be extinct within one century (Wanjiru 2001) . Initial investigations in Lake Nakuru indicated that high metal pollution was the primary cause of the flamingo deaths (Kairu 1996; Nelson et al. 1998) . However, this explanation could not account for the flamingo die offs in Lake Bogoria, which is relatively free of heavy metal pollution (Wanjiru 2001) . Later investigations also pointed at mycobacteria (Kock et al. 1999) . The possibility of algal toxins being responsible for the die offs was acknowledged during these investigations, although no confirmatory studies were carried out. Domestic animal deaths suspected to have resulted from drinking contaminated water of impoundments have also been reported (Mwaura et al. 2004) .
Study aims
The overall aim of the study was to document the biodiversity of phytoplankton communities in a selection of standing waters in Kenya and how their community structure and composition is related to some of the water quality problems experienced in the country. One of the specific aims of the study that forms the focus of this report was the identification of water bodies with known toxin producing algae.
Additionally, toxin analyses were planned for water bodies with blooms of toxin producing cyanobacteria.
STUDY METHODS

Physico-chemical conditions
The analytical procedures for physical and chemical properties are outlined in Ballot et al. (2003) , Ballot et al. (2004 a,b) and Krienitz et al. (2002 Krienitz et al. ( , 2003 . Briefly, temperature, conductivity, pH and salinity were measured directly in the field using a WTW Multiline P4 meter (Weilheim, Germany). Nutrient analyses (total nitrogen and total phosphorus) were carried out using a field nanocolor test kit and a field photometer (Nanocolor 300 D, Macherey, Germany). Total alkalinity was carried out titrimetrically using mixed bromocresol green -methyl red indicator and standard hydrochloric acid. ponds. An output of the preliminary stage was the documentation of waters with cyanobacteria known to have a toxin producing potential.
Phytoplankton analyses
Toxin analyses
Toxin analyses were carried out in water bodies with blooms of known toxin producing cyanobacteria and on the cyanobacterial mats from the hot springs of Lake Bogoria.
Samples for toxin analyses were collected from each water body on diverse dates (Table 3) . At each sampling site, a 1 litre Sudan Lake Elmenteita Lake Nakuru 36˚ Lake Bogoria Lake Baringo Lake Simbi Lake Naivasha Lake Sonachi et al. (2002, 2003) . In total, five cyanotoxin samples were collected during the study period from one representative site of lakes Baringo, Sonachi, Bogoria and Elmenteita.
Lake Nakuru was also sampled 5 times but on two separate study sites. Isolated culture strains of A. fusiformis whose biomass dominated the phytoplankton of the saline lakes were also tested for cyanotoxins. To assess the potential risk of drinking lake water directly in Lakes Victoria and Baringo, an estimate of the toxin content per unit volume of lake water was computed using information on cyanobacteria biovolume and the toxin concentration.
RESULTS
Physico-chemical properties
In general, water temperature and dissolved oxygen fluctuated widely among and within lakes. The greatest fluctuation in dissolved oxygen occurred in the saline lakes where supersaturation was common following periods of relatively calm weather and near anoxic levels following sediment disturbance mostly by the flamingoes (Table 1) . Elmenteita, Sonachi, Nakuru, Bogoria and Simbi (Figure 1) .
The majority of these lakes were characterized by a typical surface scum that imparted upon the lakes various shades of blue green to yellow colours depending on the dominant cyanobacteria. The only exception was Lake Baringo whose colour was mostly dominated by clay suspensoids. Total phytoplankton biomass and cyanobacteria biomass were typically high in all these water bodies (Table 3) . Detectable concentrations of toxins were recorded in all the water bodies investigated (including the hot spring mat samples)
except Lake Elmenteita whose concentrations of microcystins and anatoxin-a were below the limit of detection by the methods used (Table 3) . Dissolved cyanotoxins were below the limit of detection (1 mg l 21 ) in all lake samples. Microcystin concentration of lake water at the Nyanza Gulf (L Victoria) was estimated at 1.065 mg l 21 . In Lake Baringo microcystin concentration (microcystin LR equivalent) ranged from 0.08 to 3.25 mg l 21 while anatoxin-a varied from 0.05-0.2 mg l 21 . Hence in both water bodies, the cyanotoxin concentration sometimes exceeded the upper limit of 1.0 mg l 21 for drinking water set by the World Health
Organization (Hitzfeld et al. 2000) .
DISCUSSION
Toxic cyanobacteria in alkaline saline lakes
The presence of cyanotoxins in some of Kenya's alkaline saline lakes confirms long held suspicions that cyanotoxins could have played a major role in the mortality of flamingos in Lakes Bogoria and Nakuru. Observations made during other stress factors such as heavy metals (Kairu, 1996; Nelson et al. 1998 ) and mycobacteria infection (Kock et al. 1999 ).
Blooms of the known toxin producing Anabaenopsis abijatae, A. arnoldii and Anabaena sp. present in Lake Elmenteita appeared to be atoxygenic (non toxic). This is possibly because the lake has atoxygenic strains or its environment does not support toxin production. However, et al. 2002) . The high susceptibility of the flamingos possibly results from their feeding habits, which mostly targets the surface floating cyanobacteria (Codd et al. 2003b ).
Implication of cyanotoxin presence in freshwater bodies
The occurrence of cyanotoxins at concentrations above Although the maximum microcystin concentration recorded in the present study (less than 3.25 mg l 21 in Lake Baringo) is comparatively lower than that measured at Caruaru, Brazil Presence of cyanobacteria with the potential for toxin production in some of Kenya's freshwater bodies is another cause of concern for a number of reasons. Firstly, this is a potential problem since there is a possibility that an increase in nutrient input into these waters or water column stability changes can lead to bloom development by these cyanobacteria and its associated problems. Secondly, these waters could have been subjected to progressive eutrophication and the observations made are signs of impending bloom related problems unless the situation is promptly addressed. In the absence of a long term monitoring program for these water bodies, the correct position is not certain. However, the progressive increase in nutrient concentrations in Lake Naivasha since the early 1980s (Boar et al. 1999) indirectly supports progressive eutrophication in the larger water bodies. Hence the need to institute measures aimed at reducing nutrient loading into inland waters in general. Despite the enormous size of the exorheic Lake Victoria, it has taken only some fifty years of nutrient loading to reach the present stage of algal bloom formation (Verschuren et al. 1998; Verschuren et al. 2002) . The smaller size of the investigated water bodies, some of which are endorheic suggests that much shorter times are needed to reach the stage of bloom formation. These coupled with increasing land degradation consequent to rising demographic pressure and reliance on subsistence agriculture will with time accelerate the rate of eutrophication.
CONCLUSIONS † Cyanotoxin poisoning plays a major role in the episodes of flamingo die offs that have been recorded in the Rift Valley lakes. These die offs possibly result from toxins acting alone or in synergy with other stress factors that stem from human activities. † The presence of cyanotoxins at concentrations above the acceptable upper limit (1.0 mg microcystin LR equivalent l 21 ) has been demonstrated for some water bodies used for various domestic chores. This means that the water stressed communities in Kenya; especially those in the rural areas, as well as domestic and wild animals are presently exposed to cyanotoxin related problems. † Presence of cyanobacteria known for toxin production in a number of water bodies further amplifies the already clear signs of a progressive deterioration of water quality in the country. There is also an imminent danger that such water bodies can develop blooms of these toxic algae leading to human and animal health problems.
RECOMMENDATIONS
In many parts of the world, especially in the developing nations, the gap between supply and demand for freshwater is ever widening hence increasing the stress on these resources. In Africa, rapid population growth, pollution from pesticides and fertilizers, and industrial effluent all reduce availability of clean and safe drinking water, hence contributing to water stress. Thus, the entry of cyanotoxins into the field will further aggravate the situation. In addition to these, there is need for a review of the drinking water quality regulations to incorporate cyanobacteria and cyanotoxins as parameters that must to be monitored for water quality control.
Reducing the risk of exposure
Eutrophication control
In most nations, particularly in developing regions, management of freshwater resources has largely focused more on water availability (quantity) rather than water quality. The problems of water quality can often be as severe as those of availability. Similarly, a decline in water quality can lead to a decline in water availability. The first step in the prevention of eutrophication related water quality deterioration is to carry out an investigation on the various sources The scientific studies of inland waters in Kenya suffer from a lack of coordination. This has resulted in a wide disparity in the amount of scientific attention paid to different lakes.
Many NGOs, individuals, government agencies, academic institutions, research organizations and so on are involved in the pursuit of diverse research goals. Because on many occasions, these research initiatives operate independently, duplication is not uncommon. The data generated over time may be characterized by an overlap with intervening periods of no data! Hence the need for an umbrella organization that can collate research data, disseminate findings and identify areas in need of further research.
Capacity building
Capacity building and institutional development are essential for successful implementation of the measures proposed above and should focus at water research institutions, local communities as well as those authorities responsible for the management of these waters. It is also important to strengthen the capabilities of community groups to use and manage water resources prudently.
A common problem in most developing countries is the availability of funds. To reduce the cost of monitoring programs and make them sustainable, capacity building should aim at developing the necessary skills at the community level. Low cost but effective data collection for monitoring purposes involving citizen volunteers, local authorities and schools, for instance, should be considered.
The initial training of community members and formulation of monitoring guidelines can be carried out by collaborative efforts of government authorities, research institutions, universities and international partner institutions.
